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Abstract: Metamaterials are artificially engineered structures that have unique properties not
usually found in natural materials, such as negative refractive index. Conventional interferometry
or ellipsometry is generally used for characterizing the optical properties of metamaterials. Here,
we report an alternative optical vortex based interferometric approach for the characterization
of the effective parameters of optical metamaterials by directly measuring the transmission and
reflection phase shifts from metamaterials according to the rotation of vortex spiral interference
pattern. The fishnet metamaterials possessing positive, zero and negative refractive indices are
characterized with the vortex based interferometry to precisely determine the complex values
of effective permittivity, permeability, and refractive index. Our results will pave the way for
the advancement of new spectroscopic and interferometric techniques to characterize optical
metamaterials, metasurfaces, and nanostructured thin films in general.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Metamaterials are artificially engineered structures having unique electromagnetic properties,
such as negative refractive index, which are nonexistent in natural materials [1–10]. Since the
demonstration of metamaterials with negative refractive indices [11–15], the complexity of
metamaterial design has been increased with the precisely controlled gradients in both permittivity
and permeability to form advanced lenses [16,17] and even invisibility cloaks [18–22]. In the
view of developing metamaterials and transitioning them from research laboratories to practical
applications, one of the most important and challenging steps is the development of reliable
optical characterization techniques for precisely probing the metamaterial effective parameters.
For example, the effective parameters of hyperbolic metamaterials have been recently extracted
by using spectroscopic ellipsometry [23–25]. The phase shift induced by an optically thin
metamaterial emerges as one important parameter carrying the necessary information for the
retrieval of effective permittivity and permeability [26,27], but it is still quite challenging to
directly measure such phase shift. Conventional techniques for characterizing the phase shift from
optical metamaterials employ either Mach-Zehnder interferometer or spectroscopic ellipsometry
[28–32]. Optical vortex beams have been generated and multiplexed with metamaterials of
subwavelength thickness and metasurfaces [33–36]. Recently, an alternative interferometric
approach based on optical vortex has been utilized to directly probe the phase shift from
metamaterials and metasurfaces [37,38], by considering the rotation of vortex spiral interference
pattern [39–42]. In contrast to the conventional Mach-Zehnder interferometer where the phase
shift results in the displacement of the linear fringe, the uniqueness about the vortex based
interferometry is that the phase shift induces the rotation angle of the spiral interference pattern.
The phase measurement accuracy for the conventional Mach-Zehnder interferometer is influenced
by factors of linear fringe visibility as well as spatial resolution [30], while the phase measurement
accuracy for the vortex based interferometry is mostly dependent on the angular resolution of the
spiral interference pattern. Such transformation from the displacement of linear fringe to the
#391873
Journal © 2020

https://doi.org/10.1364/OE.391873
Received 3 Mar 2020; revised 6 May 2020; accepted 7 May 2020; published 23 Jun 2020

Research Article

Vol. 28, No. 14 / 6 July 2020 / Optics Express 20052

rotation of spiral interferogram for characterizing the phase shift will potentially increase the
phase measurement accuracy.
In this work, we demonstrate the straightforward and accurate characterization of the refractive
indices of multilayer fishnet metamaterials, by utilizing the optical vortex based interferometric
approach to directly measure the transmission and reflection phase shifts from the metamaterials
according to the rotation of vortex spiral interference pattern. According to the measured
transmission and reflection phase shifts together with the measured transmittance and reflectance
spectra, the complex values of effective permittivity and permeability as well as refractive index
are precisely derived for two metal-dielectric multilayer fishnet structures possessing positive,
zero and negative refractive indices in the broadband wavelength range from 1480 nm to 1580
nm via the vortex based interferometry. The evolution processes of vortex spiral interference
patterns propagated inside the actual fishnet structure and the effective medium slab are simulated
and compared to further confirm the validity of the retrieved effective parameters. Our results
will pave the way for the development of new spectroscopic and interferometric techniques
to characterize optical metamaterials, metasurfaces, and other types of nanostructured thin
films in general. The demonstrated characterization technique will also advance the practical
measurements for various kinds of metamaterials such as chiral metamaterials and bianisotropic
metamaterials.
2.

Design of fishnet metamaterials

The schematic of the three-dimensional fishnet metamaterial [15,43–45] is shown in Fig. 1(a),
which is made of a metal-dielectric multilayer stack containing four pairs of alternating gold (Au)
layer and alumina (Al2 O3 ) layer. The thickness of Au layer tm is 15 nm and the thickness of
Al2 O3 layer td is 70 nm, while the total thickness of multilayer stack ttotal is 340 nm. The period
of unit cell is p and the gap between the neighboring rectangular holes is a and b along x-direction
and y-direction, respectively. In order to cover the entire positive, zero and negative refractive
index values in the wavelength range from 1480 nm to 1580 nm, two multilayer fishnet structures
of Fishnet I and Fishnet II with different parameters are designed, with a = 470 nm, b = 220 nm
and p = 730 nm for Fishnet I and a = 465 nm, b = 215 nm and p = 650 nm for Fishnet II. The
four pairs of alternating Au layer and Al2 O3 layer are deposited on a quartz substrate with the
electron-beam evaporation system (Kurt J. Lesker), where Au is deposited at the rate of 0.4 Å/sec
and Al2 O3 is deposited at 0.2 Å/sec. Each material is individually deposited on a quartz substrate
first to calibrate and optimize the deposition parameters. The permittivity of each material and
the film thickness are characterized with the variable angle spectroscopic ellipsometry (J. A.
Woollam Co. VB400/HS-190) by measuring the standard ellipsometric parameters of Ψ and ∆
at different incident angles, showing that the permittivity of Au matches the standard data of
Johnson and Christy [46] based on the fitting from a general oscillator model, and the permittivity
of Al2 O3 is fitted from the Cauchy dispersion relation. The ellipsometry measured film thickness
for each material also matches the thickness value set in the deposition. By using the ellipsometry
derived permittivity values for Au and Al2 O3 , numerical simulations with CST Studio Suite
software are performed to simulate the designed multilayer fishnet structures. The designed
rectangular hole array is then milled into the Au-Al2 O3 multilayer stack using focused ion beam
(FEI Helios Nanolab 600). Figure 2(b) presents a top-view scanning electron microscope (SEM)
image of the fabricated Fishnet II structure, with the inset depicting a cross-section image at a
view angle of 52°.
Figures 2(a) and 2(b) plots the measured and simulated transmittance and reflectance spectra
from the fabricated fishnet structures at normal incidence under the incident linear polarization
presented in Fig. 1(a). Based on the simulated transmittance and reflectance data along with the
simulated transmission and reflection phase shifts, the complex values of refractive index are
retrieved and plotted in Figs. 2(c) and 2d. It is shown that the real part of refractive index n covers
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Fig. 1. (a) Schematic of the fishnet metamaterial made of metal-dielectric multilayer stack
containing four pairs of alternating Au layer and Al2 O3 layer. (b) Top-view SEM image of
the fabricated Fishnet II structure, with the inset showing a cross-section SEM image at a
view angle of 52°. The scale bars are 1 µm and 500 nm, respectively.

Fig. 2. Measured (solid lines) and simulated (circles) transmittance (T) and reflectance (R)
spectra from the fabricated fishnet metamaterials of (a) Fishnet I and (b) Fishnet II at normal
incidence. The insets are the top-view SEM images with the scale bar of 500 nm. (c), (d)
Simulated real part and imaginary part of refractive index n and k for Fishnet I and Fishnet
II, respectively, with the highlighted wavelength locations of λ1,I , λ2,I , λ3,II , λ4,II and λ5,II .
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positive values for Fishnet I and zero to negative values for Fishnet II in the spectral range between
1480 nm and 1580 nm. Five wavelength locations are highlighted with the representative n values
as λ1,I = 1480 nm (n = 0.5), λ2,I = 1540 nm (n = 0.25), λ3,II = 1500 nm (n = 0), λ4,II = 1540 nm
(n = −0.25), and λ5,II = 1580 nm (n = −0.53). It is expected that the fishnet metamaterial with
positive n will introduce a phase delay to the transmitted optical beam while the metamaterial
with zero or negative n will give no phase variation or a phase advance.
3.

Phase shift characterization with vortex based interferometry

Figure 3 presents the optical interference setup for directly measuring the transmission and
reflection phase shifts from the fabricated fishnet metamaterial samples. The optical beam is
coupled with a fiber collimator from a tunable laser source covering wavelength from 1480
nm to 1580 nm. A linear polarizer is placed to generate the linearly polarized beam along the
x-direction as presented in Fig. 1(a). The generated linearly polarized incident beam is then split
into a probe beam and a reference beam by a beam splitter. The probe beam is first focused
on a glass spiral phase plate by an objective lens to generate an optical vortex beam with unity
topological charge, and then the collimated vortex beam is focused onto the fishnet metamaterial
sample by an objective lens at normal incidence. The transmitted or reflected probe beam from
the fishnet metamaterial sample is collimated and recombined with the reference beam by using
another beam splitter, forming a vortex spiral interference pattern recorded by a near-infrared
camera. The transmission or reflection phase shift from the fishnet metamaterial sample will be
directly visualized with the rotation angle of the vortex spiral interference pattern.

Fig. 3. Optical interference setup for directly measuring the transmission and reflection
phase shifts from the fishnet metamaterial sample. LP: linear polarizer, BS: beam splitter,
OL: objective lens, M: mirror, SPP: spiral phase plate. Parts drawn in dashed lines are used
for the reflection measurement.

In order to obtain the transmission phase shift introduced by the fishnet metamaterial, the spiral
interference patterns for optical vortex beam transmitted through the fishnet metamaterial sample
and the reference quartz substrate are compared to calculate the relative rotation angle between
them. Based on the previous works [37,40], the spiral interference pattern between a Gaussian
beam and a vortex beam with unity topological charge is described as φ = ar2 + b0 , where r and φ
are the polar coordinates. a represents the rotation rate of the spiral as the radius r increases and
it is directly related to the curvature of the interfering wavefront, while b0 is the starting phase of
the spiral at the center of r = 0 which shows the starting angle of spiral interference pattern at the
center. The curvature of the interfering wavefront keeps as the same in the measurement, so the
parameter a is a constant. Hence, the rotation angle of spiral interference pattern is determined
only by the parameter b0 , which is directly related to the phase shift introduced by the fishnet
metamaterial. The rotation angle of spiral interference pattern is determined through digital
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image analysis, by analyzing the tangential direction at the spiral center based on first locating
the minimum intensity in the spiral interference pattern [37,40]. The accuracy of the obtained
rotation angle is 0.01 rad, which is on the order of half a degree. Since the reference material
regarding to the metamaterial layer above the quartz substrate is air with the refractive index of
nair = 1 but not zero, the positive phase delay in air of ∆φair = nair ·2π/λ·ttotal with the propagation
distance equal to the metamaterial thickness of ttotal needs to be taken into account. Then the
transmission phase shift θ introduced by the fishnet metamaterial is determined by the relative
rotation angles of spiral interference patterns between the fishnet metamaterial sample and the
reference quartz substrate φsample − φreference together with the positive phase delay in air ∆φair ,
as θ = φsample − (φreference − ∆φair ).
Figure 4(a) displays the measured spiral interference patterns for vortex beam transmitted
through Fishnet I and Fishnet II at the wavelengths of λ1,I , λ2,I , λ3,II , λ4,II and λ5,II , with the relative
rotation angles listed as the transmission phase shifts. Figure 4(b) shows the corresponding

Fig. 4. (a) Measured spiral interference patterns for vortex beam transmitted through
Fishnet I and Fishnet II at different wavelengths of λ1,I , λ2,I , λ3,II , λ4,II and λ5,II , where
the transmission phase shifts are listed. (b) The corresponding processed grayscale images.
(c) Simulated spiral interference patterns for vortex beam transmitted through the fishnet
structures. (d), (e) Measured (circles) and simulated (solid lines) transmission and reflection
phase shifts for Fishnet I and Fishnet II, respectively.
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processed grayscale images used for characterizing the rotation angles of spiral interference
patterns. Note that in the plot we have set all the rotation angles of spiral interference patterns
from the reference quartz substrate offset by the phase delay in air (φreference − ∆φair ) to be zero,
which are marked by the dashed arrows. The rotation direction of spiral interference pattern is
defined positive for clockwise and negative for counterclockwise. Positive transmission phase
shifts of θ = 0.61 rad and θ = 0.30 rad are measured for Fishnet I at λ1,I and λ2,I , corresponding
to the positive refractive indices of n = 0.5 and n = 0.25, respectively. On the other hand, negative
transmission phase shifts of θ = −0.07 rad, θ = −0.42 rad and θ = −0.78 rad are obtained for
Fishnet II at λ3,II , λ4,II and λ5,II , which are related to the near-zero refractive index and negative
refractive indices of n = −0.25 and n = −0.53. It is noted that for the two-layer system of the
metamaterial layer on quartz substrate, the transmission phase shift θ represents the phase of
the Fresnel transmission coefficient, so that θ cannot be simply used to calculate the real part of
refractive index n for the metamaterial layer by using the relation of θ = n·2π/λ·ttotal , especially
for the fishnet metamaterial which are really lossy. Figure 4(c) illustrates the simulated spiral
interference patterns for vortex beam transmitted through the fishnet structures identical to those
used in experiment, where the similar evolution process of spiral interference patterns with that in
measurement as a function of the refractive index is also observed. In order to accurately measure
the reflection phase shift from the fishnet metamaterial surface, the relative rotation angle between
the spiral interference patterns for vortex beam reflected from the fishnet metamaterial sample
and the reference bare multilayer stack is analyzed. Figures 4(d) and 4(e) plots the measured
transmission and reflection phase shifts with the optical vortex based interferometric approach
across the wavelength range from 1480 nm to 1580 nm with a 10 nm interval for Fishnet I and
Fishnet II, respectively. The good agreement between the measured and simulated values further
confirms that the feature of phase shift can be straightforwardly and precisely obtained from the
analysis of vortex spiral interference pattern.
The propagation processes of the incident vortex beam transmitted through the fishnet structures
at different refractive indices are further simulated in Fig. 5, where the intensity distributions
of spiral interference patterns at the entrance plane z = 0, the middle plane z = ttotal /2, and the
exit plane z = ttotal of Fishnet I and Fishnet II are displayed. It is seen that the vortex beam starts

Fig. 5. Simulated intensity distributions of spiral interference patterns at the entrance plane
z = 0, the middle plane z = ttotal /2, and the exit plane z = ttotal of Fishnet I and Fishnet II at
different refractive indices, where the transmission phase shifts are listed.
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with the zero phase shift at the entrance plane. As the vortex beam propagating inside the fishnet
structure along the z direction, the transmission phase shift is accumulated linearly proportional
to both the propagation distance and the refractive index n value. Finally at the exit plan of
fishnet structure, the transmission phase shift reaches to its maximum value. The simulated
evolution process of spiral interference patterns inside the fishnet structure indicates the validity
of current approach to extract the phase shift experienced by the incident vortex beam during the
propagation.
4.

Retrieval of effective parameters for fishnet metamaterials

The effective parameters of the fabricated fishnet metamaterials are then extracted by utilizing the
directly measured transmission and reflection phase shifts as well as the measured transmittance
and reflectance spectra, according to the retrieval method described in the previous works [26].
The retrieved complex values of effective permittivity and permeability as well as refractive
index for both Fishnet I and Fishnet II in the wavelength range from 1480 nm to 1580 nm with a
10 nm interval are plotted in Fig. 6. Note that the simulated complex values of refractive index
in Figs. 6(e) and 6(f) are the same data as shown in Figs. 2(c) and 2(d) but replotted here, in
order to compare with the experimentally derived parameters. The spectral range is covered by

Fig. 6. Measured (circles) and simulated (solid lines) retrieved complex values of (a), (b)
effective permittivity, (c), (d) effective permeability, and (e), (f) refractive index for Fishnet I
and Fishnet II, respectively.
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the positive refractive index values for Fishnet I, but zero and negative refractive index values
for Fishnet II. The maximum positive refractive index of 0.5 is obtained at the wavelength of
1480 nm for Fishnet I, while the minimum negative refractive index of −0.53 is achieved at
1580 nm for Fishnet II. It is worth mentioning that there is a nearly seamless transition for the
effective parameters between the two fishnet structures, indicating that the proposed optical vortex
based interferometric technique allows to characterize the optical properties of metamaterials
with continuous refractive index variation from positive to negative values. It is observed that
the measured metamaterial effective parameters match very well with the simulated effective
parameters, verifying the reliability and accuracy of the measurement from the vortex based
interferometric approach.
Such a homogeneous slab with the equivalent effective permittivity and permeability can
behave like the actual nanostructured metamaterial layer. As the optical beam propagating
through the homogeneous slab, the same far-field distribution outside the slab will be obtained
as that from the actual metamaterial layer. Since the ratio of the free space wavelength to the
thickness of the metal-dielectric unit cell along the propagation direction is from 17.4 to 18.6
in the spectral range for the current fishnet structure, the zeroth-order Bloch mode dominates
the beam propagation inside the fishnet structure so that it can be considered as a homogeneous
effective medium slab [47]. In order to prove the retrieved effective parameters can describe well
the fishnet metamaterial, full-wave numerical simulation is performed for the effective medium
slab, which possesses the retrieved effective permittivity and permeability from measurements
and has the same thickness as the fishnet metamaterial structure. Figure 7 illustrates the simulated
evolution process of vortex spiral interference patterns propagated through the effective medium
slab. It is observed that the transmission phase shifts obtained in the effective medium slab
at different z planes in Fig. 7 are almost the same as those presented for the actual fishnet
metamaterial structure in Fig. 5, further suggesting that the retrieved effective permittivity and
permeability obtained from the vortex based interferometric approach indeed describe the optical
properties of fishnet metamaterials.

Fig. 7. Simulated intensity distributions of spiral interference patterns at the entrance plane
z = 0, the middle plane z = ttotal /2, and the exit plane z = ttotal of the effective medium slab
with the retrieved effective permittivity and permeability from measurements, where the
transmission phase shifts are listed.
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Conclusion

In summary, the optical vortex based interferometric approach is utilized to directly measure the
transmission and reflection phase shifts from the multilayer fishnet metamaterials according to
the rotation angles of spiral interference patterns, so as to characterize the effective parameters of
fishnet metamaterials. Based on the measured transmission and reflection phase shifts along
with the measured transmittance and reflectance spectra, the real and imaginary parts of effective
permittivity and permeability as well as refractive index are accurately retrieved for fishnet
metamaterials having positive, zero and negative refractive indices in broadband near-infrared
wavelength range. The demonstrated results will advance the development of new spectroscopic
and interferometric techniques used for the characterization of optical metamaterials, metasurfaces,
and other types of nanostructured thin films in general. The vortex based interferometric approach
has been successfully applied for the fishnet metamaterials in this work and the anisotropic
metasurfaces in Ref. [38], and both have non-flat surfaces. It is expected that the vortex
based interferometric approach can also be applied for other types of structures such as grating,
nanoparticles array, and dielectric platform, but in the assumption that these structures possess
subwavelength features and can be treated as effective media. Moreover, the transmission
and reflection phase shifts are obtained under the specified incident polarization. Although
the incident linear polarization is used in this work, as one independent degree of freedom,
arbitrary incident polarization can be launched to probe the particular properties of metamaterials,
including orthogonal linear polarizations, left-/right-handed circular polarizations, and elliptical
polarizations. Therefore, it is expected that the vortex based interferometric approach can be
applied for other unique types of metamaterials such as chiral metamaterials and bianisotropic
metamaterials.
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